Summary. Enamel tufts were exposed after decalcification of the enamel matrix and their fine structures and immunocytochemical characteristics were examined. Under the binocular microscope and the scanning electron microscope (SEM), enamel tufts appeared as corrugated ribbon-like structures located on the dentine parallel to the tooth axis. SEM observation disclosed enamel tufts as bundles of well extended tubular structures with cross striations attributable to hypocalcified enamel sheaths. Plate-like structures were observed at the center of enamel tufts, where they ran parallel to the enamel tufts. Under the transmission electron microscope (TEM), the plates of tufts revealed their origin in the superficial layer of the dentine, penetrating the hypercalcified zone adjacent to the dentineenamel (D-E) junction, and then reaching the tuft region. The plates of tufts ran mainly along the enamel sheaths and partially across the prisms in the tuft region. The protein-A-gold technique revealed an intense immunoreactivity for amelogenin over the superficial layer of the dentine, but over the enamel prisms in the tufts nor over the plates of tufts. The immunoreactivity for 13-17kd protein was detected over the filamentous structures closely associated with the enamel sheaths in the enamel tuft. Thus our study disclosed that enamel tufts consist of both well extended hypocalcified enamel prisms and plates of tufts. The major organic component of the enamel tufts is suggested to be 13-17kd protein rather than amelogenin.
interpretations have been proposed. Some investigators accounted for the enamel tufts as structures running between the sheaths (BEUST, 1932; SOGN -NAES, 1949; LOSEE et al., 1957; OSBORN, 1969) , whereas others considered them to consist of hypocalcified prisms (FUJITA and YUASA, 1942; SHIOTA et al., 1963; HINRICHSEN and ENGEL, 1966) . OSBORN (1969) reported in his three-dimensional serial optical section study that enamel tufts consisted of unconnected leaves approximately l um thick and often cutting through prism sheaths. The fibrils of tufts have been described as thread-like elements involved in the formation of the tuft which appear as flat structures invariably lying between rods (BEUST, 1932) . Additionally, tufts were reported as consisting of groupings of interrod materials or rod sheaths (LOSEE et al., 1957) . However, FUJITA and YUASA (1942) demonstrated a three-dimensional reconstruction of enamel tufts by the Sump method (Suzuki's universal microprinting, using celluloid to prepare impressions of the sample surface). They described enamel tufts as being located parallel to the longitudinal axis of the tooth and consisting of enamel prisms. Enamel tufts have also been suggested to be comprised of hypocalcified enamel rods and interprismatic substances (ORBAN, 1927 (ORBAN, , 1928 HINRICHSEN and ENGEL, 1966) . Factually, the discrepancy in these interpretations on the tuft structure remains to be accounted for as yet.
We therefore sought to bring new insights on the fine structure of enamel tufts under the SEM and TEM. We decalcified the enamel matrix of intact human permanent teeth and exposed the entire structure of the enamel tufts, since enamel tufts have been suggested to be the hypocalcified area of the enamel matrix. We also attempted to clarify the relationship between enamel tufts and the dentine under the TEM, expecting that the technique would reveal the inner structure of the tufts. Furthermore, we examined the localization of enamel matrix proteins in enamel tufts immunocytochemically using antisera to amelogenin and 13-17kd protein.
MATERIALS AND METHODS

Extracted
intact human premolars, impacted third molars and intact immature human tooth germs were cut transversely in the cervical region. The tooth crowns thus obtained were fixed with 10% formalin. Parts of the specimens were completely decalcified with 10% EDTA for 2 weeks to reveal the entire structure of the enamel tufts, whereas the others were cut transversely and decalcified with 10% EDTA for 10h to obtain superficially decalcified specimens. These specimens were fixed with 1% tannic acid and observed under the binocular microscope. They were sequentially postfixed with 1% OsO4, dehydrated, critical point-dried and observed under the SEM (S-570, Hitachi, Ltd., Tokyo, Japan).
Parts of completely decalcified specimens were embedded in Epon 812 after postfixation with 1% OsO, to obtain ultrathin sections for TEM observation (H-500, Hitachi Ltd., Tokyo, Japan).
For immunocytochemistry, completely decalcified tooth crowns were fixed with 4% paraformaldehyde, dehydrated with N, N-dimethylformamide and then embedded in glycolmethacrylate (GMA). Ultrathin GMA sections of enamel tufts were preincubated in PBS supplemented with 1% bovine serum albumin (PBS+) for 15min, then incubated with rabbit antisera to amelogenin or 13-17kd protein for 60min at room temperature.
Purification of these enamel matrix proteins and production of antisera were carried out according to the technique by FUKAE and TANABE (1985, 1987) and UCHIDA et al. (1989 UCHIDA et al. ( , 1991 respectively. The antisera were diluted to 1:500 and 1:1000 with PBS+. Control sections were incubated in PBS supplemented with normal rabbit serum in substitution of these rabbit antisera. All sections were then incubated with protein-A-gold complex diluted with PBS+ to 1:20 for 45min at room temperature, washed in PBS and subsequently in distilled water. Finally, the sections were counterstained with uranyl acetate and lead citrate prior to TEM observation.
RESULTS
Ultrastructures of enamel tufts
The binocular microscopic and SEM observations disclosed the entire three-dimensional structure and distribution of enamel tufts on the dentine after complete decalcification (Fig. 1) . The enamel tufts appeared as rows of corrugated ribbon-like structures on the dentinal surface. Each corrugated ribbon showed a wavy course parallel to the longitudinal plane of the tooth axis. Rows of the corrugated ribbons were evenly distributed with regular intervals. The enamel tufts showed extensions of various lengths toward the enamel surface from a region of one tooth crown to another. Enamel tufts in the middle portion of the tooth crown extended higher than those in the cervical and ridge regions. SEM observation also revealed that the corrugated ribbons of enamel tufts consisted of tubular structures insoluble in EDTA (Fig. 2 ). These tubular structures had cross striations of approximately 4, um intervals, most likely hypocalcified enamel prisms and sheaths (Fig. 3) . In the outer region, close to the enamel surface, organic components in corrugated ribbons remained only in the sheaths. They became thinner and finally disappeared approaching the enamel surface (Fig. 4) .
In the inner region, close to the dentinal surface, organic structures occupied the area between the extending corrugated ribbons. The structures presented a honeycomb-like appearance, indicating a gathering of the tubular structures identical to the enamel prisms or sheaths (Fig. 5a ). On the other hand, the D-E junction displayed a different profile after removal of organic structures by water stream. The dentinal surface appeared three-dimensionally as multi-concavities forming a network of ridges (Fig. 5b ). Therefore, these findings indicated that the dentine was surrounded with the organic structures, namely the hypocalcified short enamel prisms and sheaths.
In the transverse section of the tooth crown, cross sections of enamel tufts were revealed after superficial decalcification of the enamel matrix. SEM observations displayed the fine structures in the inner portion of the tufts as well as their relationships with the dentine (Fig. 6a) . The innermost enamel adjacent to the D-E junction showed the hypercalcified zone lacking in organic components after decalcification. The hypercalcified zone occupied the innermost enamel up to approximately 20um from the D-E junction. Furthermore, the hypocalcified layer consisting of the organic prisms and sheaths was located outside the hypercalcified zone. Parts of enamel prisms in the hypocalcified layer were considerablyextended toward the enamel surface, displaying the appearance of the enamel tuft, while other prisms were short in length.
The volume of organic components within the prisms varied according to the portion of tufts. In the middle portion of the tufts, the enamel prisms were abundantly filled with organic components, while the sheaths were the single organic structure in the inner region close to the hypercalcified zone (Fig. 6a) . The organic components in tufts close to the enamel surface also remained solely sheaths (Fig. 4) .
A fibrillar structure referred to as "a fibrillar root of tufts" was observed extending from the dentinal surface into the tuft region (Fig. 6a) . Being observed from the dentinal side, however this structure was not a fibrillar but a plate-like structure, and furthermore proved to run parallel to the enamel tufts ( Fig.   Fig. 6a . SEM image of enamel tufts (ET) in the transverse section after superficial decalcification. The organic components in the inner region near the dentine (D) remain only as sheaths. Furthermore, no organic components can be seen in the area (asterisk) between the enamel tuft and the dentinal surface. A fibrillar structure (arrowhead) penetrates from the dentine into tuft region. X 1,900. b. SEM view of the enamel tuft (ET) seen from the dentinal side. The structure observed as fibrillar in Figure 6a proves to be plate-like (arrowheads). This plate runs in the center of the enamel tuft. X 1,600 a b 6b). Under the TEM, this plate of the tuft took its origin in the superficial layer of the dentine, penetrated the hypercalcified zone of the enamel, and then reached the inner portion of the tufts (Fig. 7a) . In the tuft region, the plates of tufts mainly ran along the enamel sheaths (Fig. 7b) , while sometimes partially across the prisms in the enamel tufts (Fig. 7c) , then faded out when approaching the enamel surface. The plate of tuft displayed osmiophilic features and some- (Fig. 8a) . However, the inner region of the dentine and the hypercalcified zone displayed few gold particles. No gold particles were found over the organic sheaths and the intraprismatic area in enamel tufts (Fig. 8b) , nor over the plates of tufts (Fig. 8c) . This indicates that amelogenin is localized over the D-E junction of the mature permanent teeth. In contrast, the entire enamel matrix of the human tooth germ was stained with antiserum to amelogenin (Fig. 8d) .
After the anti-13-17kd protein immunoreaction, a few gold particles were found over the D-E junction, showing weak immunoreactivity for 13-17kd protein (Fig. 9) . No gold particles were detected over the dentine or the hypercalcified zone. On the other hand, organic components of the enamel tufts were intensely stained with antiserum to 13-17kd protein (Fig.  10) . Many gold particles were observed over the enamel prisms, especially over the filamentous structures closely associated with the enamel sheaths. However, the plate of the tufts did not react to the antiserum against 13-17kd protein. Control sections showed neither anti-amelogenin nor anti-13-17kd protein immunoreactivity.
DISCUSSION
Structures of enamel tufts
On the three-dimensional reconstruction of enamel tufts by the Sump method, FUJITA and YUASA (1942) described enamel tufts as located on the dentine parallel to the tooth axis. They also indicated that tufts were composed of enamel prisms. SOGNNAES (1949); WEATHERELL, (1968) claimed that the tufts were divided into evenly spaced longitudinal wavy rows, arranged in a corrugated pattern. HINRICHSEN and ENGEL (1966) have also reported that the enamel tuft appeared as a corrugated ribbon displaying a helical course which consisted of hypocalcified rods and interrod areas. In this study, the fine structural observations demonstrated that enamel tufts consisted of both the plate-like structures and well extended hypocalcified enamel prisms. Furthermore, this plate was not reactive to antisera to amelogenin and 13-17 kd protein, while organic prisms in the tufts showed an intense immunoreactivity for 13-17kd protein. This leads to the consideration that the enamel tuft is a combined structure composed of different kinds of The innermost enamel matrix adjacent to the D-E junction was revealed non-fluorescent by fluoromicrography, which suggests this portion to be a hypoproteinized area (LOSES et al., 1957) . Our study also indicated that the hypercalcified zone was located in the innermost enamel adjacent to the D-E junction and contained few organic components. Moreover, a hypocalcified layer was observed outside the hypercalcified zone. The well extended organic prisms should therefore correspond to the corrugated ribbons of enamel tufts under the SEM, and appear as "bush -like structures" under the transmission light microscope. The hypocalcified enamel prisms, though short in length, presumably cover the hypercalcified zone.
Ultrastructure and formation of tuft-plate
The structure previously referred to as "a fibrillar root of the tuft" (LOSES et al., 1957) or "a stalk of the tuft" (KODAKA, 1978; KODAKA and DEBARI, 1982) was three-dimensionally revealed as a plate-like structure as shown in Figure 6b . We therefore propose the term of "tuft-plate" to encompass its structural characteristics.
Our TEM observations also suggested that these tuft-plates were composed of amorphous organic materials.
The structure sometimes contained granular or vesicular structures, which indicates that the organic materials of tuft-plates are modified and denatured in the enamel throughout the long process of calcification.
The formation of tuft-plates would be subsequent to that of enamel tufts and due to physical distortions rather than biological factors, since the structure showed discontinuities and ran partially across the enamel prisms in the tuft region. For example, if the tooth germ is strained, cracks may form in the inner portion of tufts which are soft and rich in organic components, and then remain as tuft-plates filled with organic materials.
Since the tuft-plates showed no immunoreactivity for amelogenin on 13-17kd protein, organic components of the tuft-plates may derive from the dentinal matrix. Another possibility is that they are too denatured to react with the antisera to amelogenin and 13-17kd
protein, even if they are derived from the enamel Fig. 10 . Immunoreactivity for 13-17kd protein over the organic enamel sheaths (ES) and the tuft-plate (TP) in the tuft region. Many gold particles are detected over the organic components in the tufts, especially over the filamentous structures connected with the enamel sheaths (arrowheads). No gold particles are detected over the tuft-plates.
x 26,000 matrix proteins. Tuft-plates were also observed in the impacted third molar which was not affected by any physical force such as occlusion.
Therefore, the tuft-plate is likely formed during the developmental stage of the tooth germ, after the formation of enamel tufts, but before eruption.
Though
some investigators have defined enamel tufts as structures running between the enamel prisms, these structures should not be assimilated with the entire structure of enamel tufts, but only with tuft-plates.
As enamel tufts were named from their structural characteristics disclosed by light Fig. 11 . Schematic drawing of enamel tufts in the transverse section. Enamel tufts consist of hypocalcified enamel prisms rich in 13-17kd protein and tuft-plates. The tuft-plates run from the superficial dentine into the tuft regions, penetrating the hypercalcified zone. There is an amelogenin-rich area adjacent to the D-E junction (DEJ).
Enamel Tuft microscopic observations, they should be assimilated with both the extended hypocalcified enamel prisms, namely the corrugated ribbons, and tuft-plates.
Distribution of enamel proteins in the tuft region
The volume of organic components within each prism differed according to the portion of the enamel tuft. In the outer and inner regions of the tuft, fewer organic components filled the prisms as compared with the middle region; they only remained as sheaths. Since the entire immature enamel of the tooth germs contains a large amount of enamel protein, namely amelogenin (Fig. 8d) , the withdrawal of the enamel protein would begin after the secretion of enamel matrix proteins. Therefore, the formation of the hypocalcified layer would be due to scanty withdrawal of enamel proteins, but not to the quantity of enamel proteins secreted by ameloblasts. The closer to the D-E junction that the region of enamel matrix is located, the more difficult becomes the withdrawal of enamel proteins by ameloblasts, because of remoteness from the ameloblast layer. However, the hypercalcified zone in the innermost enamel indicates the possibility that enamel proteins are withdrawn not only by ameloblasts but also by odontblasts as UCHIDA et al. (1989) suggested.
We examined the localization of enamel proteins in the mature enamel matrix by using the antisera to amelogenin and 13-17kd protein. Sequentially, amelogenin was located over the D-E junction but not over the hypercalcified zone and tuft region, while 13-17kd protein was detected over the prism sheaths in enamel tufts rather than over the D-E junction. If amelogenin is easily denatured and withdrawn, a small amount of amelogenin would sequentially remain only over the D-E junction. Compared with amelogenin, if 13-17kd protein is scarcely withdrawn, a small amount of the protein would be equally withdrawn from both sides of the ameloblast and odontblast layers, and a large amount of 13-17kd protein would sequentially remain in the tuft region.
Protein characteristics in enamel tufts 13-17kd protein was especially detectable over the filamentous structures closely associated with the sheaths in the tuft region. Such filamentous structures were organic enamel envelopes of crystals, the so-called crystal ghosts. This agrees with the immunohistochemical studies by UCHIDA et al. (1991) , who reported that antiserum to 13-17kd non-amelogenin reacted with prism sheaths in the immature pig and rat enamel. HAYASHI et al. (1986) claimed that enamelin expressing sites were masked by inorganic substances, and that enamelin might be at least connected in part with inorganic substances. These sites would therefore be constituents of the crystal ghosts. Enamelin is considered to have an affinity to hydroxyapatites and play a significant role in controlling the size of hydroxyapatite crystals. In this regard, enamelin could be more effective than amelogenin in retarding seeded crystal growth (Doi et al., 1984) . If 13-17kd protein should derive from enamelin, enamel tufts would contain enamelin which might retard the calcification of the crystals. However, since 13-17kd protein has been described as distinguishable from amelogenin and enamelin (UCHIDA et al., 1991) , any other previously classified proteins may exist in the enamel matrix (EASTOE, 1979; TERMINE et al., 1979 TERMINE et al., , 1980 . ROBINSON et al. (1975 ROBINSON et al. ( , 1983 suggested the presence of "tuft" protein in the mature enamel. They described the amino acid analysis of the tuft protein as possessing a composition quite different from that of amelogenin, showing a resemblance to the non-amelogenin protein (enamelin). Furthermore, they demonstrated that the tuft protein appeared to share epitopes with keratins, and suggested that the tufts might contain primitive epithelial cell products (ROBINSON et al., 1989) . Our immunocytochemical studies showed that 13-17kd protein was the constituent of the filamentous structures in the prisms of tufts, while Western blotting showed that the human tuft protein was of approximately 60kd. This may lead to the consideration that the tuft protein shares epitopes with the porcine 13-17kd non-amelogenin protein in spite of different molecular weights. DEUTSCH et al. (1991) defined the cDNA and the amino acid sequence of the bovine enamelin named "Tuftelin".
They also noted that the molecular weight and the amino acid composition of tuftelin was similar to those of enamelin and the tuft protein.
Since enamel tufts showed an intense immunoreactivity for tuftelin in their immunohytochemical study, the organic components of the enamel tuft could have common epitopes with tuft protein, tuftelin and 13-17kd protein. Another possibility is that enamel tufts contain many kinds of enamel matrix proteins such as the tuft protein, tuftelin, and 13-17kd protein.
In conclusion, enamel tufts consist of both well extended hypocalcified enamel prisms and tuft-plates. In the center of the tufts, tuft-plates run parallel to the enamel tufts. The major organic components of the enamel tufts is 13-17kd protein rather than amelogenin. Furthermore, our immunocytochemical studies clearly demonstrated the three regions of the enamel matrix: the hypocalcified layer rich in 13-17 kd protein, the hypercalcified zone, and the amelogenin-rich area adjacent to the D-E junction.
